Abstract : Wavelet transform is becoming increasingly important in image compression applications because of its flexibility in representing nonstationary signals[ 11. Current techniques use exhaustive search procedures that are computationally intensive to find the "optimal" basis (type,order,tree) [2, 3] . In this paper, we propose some guidelines based on the statistics of the image to be coded, for determining the need to search for the "optimal" wavelets as well as the improvement that can be achieved by using the "optimal" over "standard" wavelets. The proposed guidelines can be used to find a good initial guess for the exhaustive search if the optimal basis is needed.
Introduction
Digital image data are volumnous and hence necesitate the use of compression techniques for storage and transmission. The International Standard Organisation (ISO) has recently proposed the JPEG and MPEG standards for image and video compression, respectively. These standards employ the discrete cosine transform (DCT) for intra-image compression. However, DCT has the drawbacks of blockiness and aliasing distortions i n the reconstructed images at low bit rates. Recently, wavelet transform has become popular in image and video applications since the basis functions match the human visual characteristics. Wavelet coding techniques result in subjectively pleasing images due to the absence of blocking effects and aliasing distortion. In addition, features like scalability can be easily implemented in the wavelet do main.
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Commonwealth Fellowship Plan and NSERC of Canada. The performance of wavelet-based coding also depends on the decomposition (tree) structure. Ramachandran et aZ. [4] have proposed a technique, based on Lagrangian optimization, to find the best basis subtree, which minimizes the global distortion for a given bit budget. However, this algorithm is also computationally expensive.
In this paper, we provide some guidelines to determine the following : i) when can we expect appreciable performance gain by using the optimal wavelet over standard wavelets ? ii) what should the optimal filter order be for most images? iii) in case using the optimum wavelet is crucial, what is a good starting point and how wide should the search region be ? iv) what is the performance gain expected from an irregular tree over dyadic tree ?
Simulation and discussion of Results
In this study, we have used a large number of images with varying activities. Table-111 T h e wavelet coefficients were coded using a uniform quantization scheme followed by an adaptive arithmetic coder. We have used the "PSNR" as the measure of performance. In addition, subjective quality of the reconstructed image has also been verified. Different scales of wavelet coefficients have been quantized with different step sizes. The step size of each band has been choosen so as to distribute the noise equally throughout the scale space.
We have used the following sets of compactly supported orthonormal wavelets in our study. a) Effect of filter order for a given wavelet :
For a given wavelet function and image, the performance of filters with different orders is considered. It is known that regularity improves with filter length (inside a family). 
b) Choice of Wavelet function for a given image :
As stated earlier, the "best" wavelet basis is dependent on the specific image to be coded. Here, we considered a wide variety of images as indicated in Table- 11. These images have very different spectral flatness measures(SFM). Spectral flatness is a measure of overall activity of the image.
While searching for the best wavelet, one normally tries to maximize the transform coding gain, to reduce the computational complexity. Otherwise, one has to quantize, and actually encode the coefficients to compare the bit-rates. Our observation is that transform coding gain (TCG) is directly related to minimum bit-rate (for a given SNR) only for images with medium to high spectral flatness measure. Thus, for those images, TCG can be used as a measure of the coding performance, For images with low spectral flatness measure (chest, visualmtf), this was not true. Hence, when searching for optimal wavelets, one may not get good results by optimizing TCG for these images.
Minimum bit-rate was obtained for each image for a given SNR, using wavelets generated by a dense grid of Pollen's parameters[S] for 4 and 6 tap cases and Tewfik's [6] for the 8-tap case. The sensitivity of bit-rate (or TCG) to perturbations i n the parameters used to generate the wavelets (i.e. to the choice of the wavelet) was then studied. It has been seen that for the 4 tap case, the optimum wavelet is very close to Daub-4, for all the images. Table-I1 shows that near optimal performance is achieved by Daub-4 almost always. For higher order wavelets, images with high spectral flatness measure, the coding performance is fairly insensitive to a relatively broad range of wavelets (and peak performance is achieved near Daubechies wavelet) and hence searching for the best wavelet will be inefficient. In these cases, near optimal performance is achieved with Daubechies or AHQMF wavelets. For medium SFM images (which are most common), the performance improvement is slightly more, but still not very encouraging.
However, it was found that for images with low spectral flatness, choice of wavelet greatly affects the coding performance. It will be well worth the effort to search for the best wavelet. Table-I11 summarizes some results for three 6-tap wavelets and several images. The entries indicate the bit-rate improvement achievable by using the "optimum" wavelet as opposed to the wavelet indicated in Table- 111. The importance of proper choice of wavelets for low SFM images, is also evident from the chest and visualmtf entries.
Finally, for a given wavelet type and order(for order more than 8), several options exist based on the phase of the resulting filter. Least asymmetric wavelets have been seen to provide superior subjective and objective performance compared to the corresponding minimum phase wavelets,[see Table-IV] . This is mainly because the least asymmetric wavelets (at least true for Daubechies family) have much better time-frequency bandwidth compared to the corresponding minimum phase one [see Table-I] and also the phase response is more linear. Hence, least asymmetric Daubechies wavelets can be a good initial guess for the exhaustive search if the optimal basis is needed.
c) Tree Structure :
The objective of wavelet/subband decomposition is to compact most of the energy in fewer bands. It is expected that more levels of decomposition will provide better coding performance. Table- V shows the improvement due to regular tree over dyadic tree (more specifically quadtree, for 2-D images). A higher performance improvement is seen for the low SFM images, mainly because the local peaks in the scale space can be finely quantized due to larger number of bands.
However, when the number of bands is large, the performance deteriorates because of two reasons, i) it is uneconomical to code small bands with same statistics, separately and ii) the extra information (e.g. tree structure, quantization step sizes etc.) needs to be sent to the decoder.
An irregular tree decomposition scheme has been implemented using a simple split-merge technique. After each decomposition, four local bands are created. The transform gain of these four bands is computed. and if it exceeds a certain threshold, the decomposition is kept, otherwise, it is merged. Among these four bands, the bands whose energy exceeds a certain threshold, is decomposed further. This technique seems to perform well for most of the images. 
Conclusion
Spectral flatness is proposed as a measure indicating the need for searching the "optimal" wavelet decomposition. It is shown that such a search is warranted only for low spectral flatness images. Otherwise, Daubechies wavelets or AHQMF's are close enough to the optimum and not much improvement can be expected by conducting the full search. Filters should not in general exceed order 12 with 8-12 taps generally providing best timefrequency localization. Least asymmetric wavelets, as expected, provide better performance. Finally, irregular tree decomposition has been seen to provide a good performance over both dyadic and regular tree. The degree of improvement using the irregular tree, is appreciably more than what comes from using optimal wavelets (which are difficult to determine) over known standard wavelets. 
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